Reverse osmosis membrane separation is the leading method for manufacturing potable purified water. It also produces a concentrate stream, namely reverse osmosis concentrates (ROC), with 10-20% of the water, and almost all other compounds. One method for further treating this stream is by coagulation with ferric chloride. This study evaluates removed organics in ROC treated with ferric chloride. Fractionation with ultrafiltration membranes allows separation of organics based on a nominal molecular weight. A stirred cell system was applied for serial fractionation to classify organic compounds into six groups of o0.5 kDa, 0.5-1 kDa, 1-3 kDa, 3-5 kDa, 5-10 kDa and 410 kDa. The study found that raw ROC is rich in low molecular weight compounds (o1 kDa) with almost 50% of the organics. These compounds include soluble microbial products (SMPs) and smaller humic and fulvic acids as indicated by fluorescence scanning. Conversely, colour was mostly contributed by medium to large molecules of humic and fulvic acids (40.5 kDa). Organics and colour were reduced in all molecular groups at an optimum treatment dose 1.48 mM FeCl 3 and a pH of 5. However, ferric seemed to effectively remove colour in all size ranges while residual nitrogen was found mostly in the o1 kDa sizes. Further, the fluorescence indicated that larger humic and fulvic acids were removed with considerable SMPs remaining in the o0.5 kDa.
INTRODUCTION
Clean water consumption is expected to increase throughout the world in the near future with high demand from domestic and industrial users (Shannon et al. 2008) . Unusual drought conditions are also increasing water storage requirements. An imbalance quantity between safe water availability and its demand is driving manufactured water as an alternative. This is currently critical in countries in South East Asia, and in Australia. Water reclamation plants have been widely implemented across those countries.
Membrane treatment is a core process in most water reclamation treatment systems, mostly combining microfiltration membranes with Reverse Osmosis (RO) membranes (Comerton et al. 2005; Wintgens et al. 2005; Melin et al. 2006; Tam et al. 2006) . While early membranes were applied for solids removal and disinfection, RO membranes remove dissolved organic matter and ions. The rejected liquid stream is approximately 10%-20% of the influent flow, and is relatively high in dissolved organics (carbon and nitrogen), colour, and salinity, requiring further treatment before environmental discharge, or further processing. The key organic pollutants are relatively high in organic nitrogen and carbon, and are highly recalcitrant, having passed through the main treatment plants. Treatment options for RO concentrates (ROC) include coagulation, advanced oxidation, and adsorption.
A promising option in terms of cost is coagulation of organics with trivalent ferric ions, and subsequent removal of coagulated solids. The positively charged coagulants bind with the negatively charged dissolved organic compounds. Sieliechi et al. (2008) reported that coagulation can change humic compounds, structure, reducing organic concentration. Other mechanisms may include metal hydroxides for-mation (such as Fe(OH) 3 monomeric) which bind with neutrally charged compounds (Duan & Gregory 2003) . Reject water contains abundant organic contaminants, with varying concentrations depending on the feed water. Dissolved organic carbon (DOC) concentrations of 12 mg L À1 in ROC were effectively reduced up to 52% by 0.4 mM ferric dosing (Dialynas et al. 2008) . Another study concluded that DOC contained in industrial wastewater was reduced up to 23% from an initial concentration of 5.14 mg L À1 by 0.25 mM ferric addition (Musikavong et al. 2005) . Both studies agree that ferric is better than alum for coagulation of recalcitrant organics. Excess dosage can cause charge reversal and re-stabilisation of coagulated flocs (Duan & Gregory 2003 ) with more acidic conditions, while at high pH negatively charged organics will be in excess. Therefore, ferric coagulation is typically optimal at pH 4.5-5.5 (Sharp et al. 2006b ).
Complex mixtures of organics can be characterised through several methods (Pehlivanoglu-Mantas & Sedlak 2006) such as molecular size distribution by ultrafiltration (Marquet et al. 1999; Ziyang & Youcai 2007) , exclusion (Pelekani et al. 1999) , extraction (Tsoukali et al. 2005) , and chromatography (Taylor et al. 1998) . However, ultrafiltration fractionation is the most commonly used non-specific method because of its simplicity, lower adsorption capacity, and good recoveries. Moreover, the method can be tuned, depending on the sample volume available and concentration. Potential interferences for the method include solution chemistry, ionic strength, device capacity, operational conditions, and, potentially, contamination from the membrane (Schafer 2001 ). An ionic strength of 40.1 M will change the effective charge of the membrane and the target molecules. However, addressing this requires washing with distilled water. Ultrafiltration (UF) fractionation allows analysis of the impact of treatment on different molecular size fractions (Schafer 2001; De Guardia et al. 2002) . The impact of FeCl 3 treatment on the different fractions of organics in ROC was evaluated here. Thus, the portion of compounds was studied regarding their removal from ROC.
METHODS

Raw samples
ROC samples were collected from untreated concentrate streams of Luggage Point Water Reclamation Plant (located in Queensland, Australia) after passing through microfiltration (MF) and reverse osmosis (RO) units. The samples were prepared by 0.22 mm filtration prior to coagulation.
Ferric chloride coagulation
Jar test experiments were conducted using a Phipps and Bird flocculator test apparatus (PB-700), equipped with six 1-L beakers. The following procedure was used:-1-L ROC samples were placed in each beaker. Rapid mixing was done at 210 revolutions per minute (rpm). 1% (w/w) Ferric (III) Chloride Hexahydrate (Sigma Aldrich CAS 10025-77-1, FeCl 3 .6 H 2 O 97% ACS reagent) was added at 200, 400, 600, and 800 mg L À1 . Coagulants were added using a pipette tip submerged close to the stirring paddle for effective mixing. Rapid mixing again for 2 min. Simultaneously, pH values were adjusted using either NaOH or H 2 SO 4 (adjusted to pH 4, 5, 6, and 7). This was monitored by Ionode pH sensor and a MiniChem receiver. Slow mixing was applied at 40 rpm for 15 min. 45-60 min unmixed settling (to effective settling). Sample was taken using syringe with 0.22 mm filtration (Cat. No. SLGPO33RS) before fractionation. Temperature was likewise managed (251C711C) using a MiniChem sensor.
Fractionation
A single pressurised stirred cell apparatus (Millipore Amicon 8400 series) equipped with UF membrane sizes of 10 kDa, 5 kDa, 3 kDa, 1 kDa, and 0.5 kDa (Millipore Ultracel membrane) was used in this fractionation study. An initial sample volume of 300 mL was fractionated into several sizes sequentially from the highest size to the lowest, obtaining 50 mL concentrated within each size for further analytical measurement (Figure 1 ). Error bars are 95% confidence intervals based on two-tailed t-tests, and three or more replicates.
Molecular weight distribution
The only real known fraction was the smallest fraction, as measurement was taken from the filtrate with no further cut off sizes. Larger size fractions required correction to properly represent mass/concentration. Stirred cell required correction based on a mass balance, classifying molecular groups of o0.5 kDa, 0.5-1 kDa, 1-3 kDa, 3-5 kDa, 5-10 kDa and 410 kDa.
Analysis
Chemical Oxygen Demand (COD)
COD was measured using Merck COD apparatus with range of 10-150 mg L À1 (Cat no. 1.14540.0001). Organics were digested using a Merck TR300 thermal reactor at 1401C for 120 min in the presence of sulphuric acid and potassium dichromate as an oxygen source, followed by measurement on a Varian Cary50 UV-vis spectrophotometer (Helios Beta) at 445 nm.
Colour
Colour intensity was determined using UV-vis spectrophotometer (Cary50) at 475 nm wavelength as mg L À1 platinumcobalt (Pt-Co) unit, using a 1-cm acryl cuvette.
Dissolved Organic Carbon (DOC)
DOC was calculated to be the difference between total dissolved carbon and total dissolved inorganic carbon, which was measured using TOC analyser Dohrman Tekmar DC-190.
Dissolved Organic Nitrogen (DON)
DON was calculated by subtracting ammonia-N value from Total Kjeldahl Nitrogen (TKN). Ammonia-N was determined using a Lachat Quickchem8000 Flow Injection Analyser (FIA) as Method 31-107-06-1-A, while TKN was measured using Lachat QuickChem Method 10-107-06-2-D.
Fluorescence analysis
Fluorescence scans were utilised using fluorescence spectrophotometer (F-2000, Hitachi) in a 1 cm quartz cell to identify the key organics within each size fraction. Excitation and emission wavelength were set at the range from 220 nm to 450 nm and from 220 nm to 600 nm, respectively. The slit was 10 nm for both excitation and emission. Excitation Emission Matrix (EEM) was plotted to express the findings.
RESULTS AND DISCUSSION
Untreated ROC fractions
The raw ROC contained almost 45% of organic carbon in the molecular size below 1 kDa and approximately 50% of the COD below 3 kDa (measured as COD). Remaining organics were distributed equally among the remaining molecular weight size ranges (Figure 2) . DON was largely found in the lowest size range of o0.5 kDa. As indicated by EEM (Figure 5 ), the residual was in the soluble microbial products (SMPs) region. This confirms that DON containing organics are commonly hydrophilic, which have a low affinity for surface adsorption, and have a low molecular weight (Pehlivanoglu-Mantas & Sedlak 2006) . Colour was mostly distributed by medium to high size ranges of organics (40.5 kDa), which means non-coloured organics were mainly in the o0.5 kDa size range.
This implies that ROC is rich in low molecular size compounds, including SMPs and smaller humic acids. These are generally not suitable for ferric treatment (Pehlivanoglu-Mantas & Sedlak 2006; Sieliechi et al. 2008) .
Key findings
A trial of ferric chloride treatment of ROC from Luggage Point indicated that a dose of 400 mg L À1 FeCl 3 at pH 5 was the optimum condition with good organic removal (Figure 3 ). DOC and COD were removed up to 34% and 49%, respectively. While DON was removed up to 27%, colour reached the highest removal of up to 79%.
As shown in Figure 4 below, organic compounds removed were mostly medium to high sizes (larger than 1 kDa). Organic nitrogen was poorly removed at all size ranges. Further, the remaining COD effluent mainly contained smaller compounds (o0.5 kDa) with around 80% of total mass in o0.5 kDa group. Similarly, the remainder of colour-causing organics was mostly small compounds of o0.5 kDa (over 40%). The unremoved DOC was largely in the 3-5 kDa size range with 80% remaining of total mass in the group, while DON was ineffectively removed at particular size range of o1 kDa.
Figure 4 also indicates that colour was effectively removed by ferric treatment in all molecular size groups. DON was reduced by at least 20% in all molecular sizes.
Likewise, DOC and COD were noticeably removed in all molecular groups. While the lowest removed DOC appeared in the medium size group (3-5 kDa), residual COD remained high in the smallest size group of o0.5 kDa. Compared with all sizes, the o0.5 kDa molecules were the highest residual compounds post ROC treatment. This may indicate that ferric initially removed higher size compounds (which are mostly hydrophobic as indicated by EEM) due to hydrophobic domination of organic-metal precipitation (Sharp et al. 2006a) .
Contour plots shown in Figure 5 below identify the residual organics in each fraction. Identification was based on the EEM signature studied by Chen et al. (2003) . The fractionation showed that large molecules consisting of humic and fulvic acid compounds were removed. It is clear that o0.5 kDa molecular size group had high peak intensity in the area of SMPs groups. This confirms that the small molecule size was poorly removed through ferric coagulation (Haberkamp et al. 2007) . Humic acids in size group of 0.5-1 kDa had the highest peaks compared with other sizes. Correlating with Figure 4 above, the organics and colour removal were actually high in 1-5 kDa and 0.5-1 kDa sizes. However, since the initial concentration was largely contributed by those size groups in Luggage Point ROC, the residual remained high. Ferric likely initially targeted large to medium molecules of humic acids, followed by smaller size compounds at higher concentrations.
